Methods to measure heterogeneity among cells are rapidly transforming our understanding of biology but are currently limited to molecular abundance measurements. We developed an approach to simultaneously measure biochemical activities and mRNA abundance in single cells to understand the heterogeneity of DNA repair activities across thousands of human lymphocytes, identifying known and novel cell-type-specific DNA repair phenotypes. Our approach provides a general framework for understanding functional heterogeneity among single cells.
DNA repair activity measurements in single-cell extracts from human peripheral blood mononuclear cells (PBMCs) with separately barcoded uracil and ribonucleotide repair substrates spanning a 50-fold range in concentration showed that measured DNA repair signals change as a function of substrate concentration and time ( Supplementary Fig. 4 ), enabling us to choose a single substrate concentration and time point (10 nM substrates at 60 min) for further experiments.
We next used single-cell Haircut to measure the biochemical heterogeneity of DNA repair in PBMCs using five DNA substrates (unmodified, and containing U:A, U:G, rG:C, and abasic:G lesions; Fig. 2 ). We used single-cell mRNA expression to classify cells based on expression of common cell-type-specific markers (e.g., IL7R for CD4+ T cells, CD14 for monocytes; Fig. 2a ) and then used these classifications to assign cell-type-specific DNA repair activities ( Fig. 2b-f) . The additional steps required to measure DNA repair in thousands of cells impacted the recovery of gene expression signals, typically reducing the number of genes detected by 50% ( Supplementary Fig. 5) ; however, this reduction in detection did not preclude classification of cell types by mRNA expression measured in the same cells ( Fig. 2,   Supplementary Fig. 6 and 7) .
We found little signal on the unmodified DNA substrate, confirming it is not a repair substrate. In contrast, incision and processing activities measured on uracil (on U:A and U:G substrates), ribonucleotide, and abasic repair substrates matched expected positions based on known repair pathways (left and middle panels in Fig. 2c-f ) and were only present in cellassociated droplets (as determined from mRNA signals; Supplementary Fig. 8 ). These data revealed unique signatures of DNA repair activities in specific cell types. Monocytes and dendritic cells had low incision activity on the U:A substrate ( Fig. 2c) , resonating with the low level of uracil base excision in monocytes 12 and confirming that myeloid lineages have unique uracil repair phenotypes 13 . However, these differences in uracil repair were not apparent for the U:G substrate, presumably due to redundant activities of SMUG1 14 and MBD4 15 in incising U:G-containing substrates. Dendritic cells demonstrated a unique repair phenotype, with increased levels of DNA substrate processing, measured as increased signals downstream of the position of the synthetic lesion. To explain these differences in DNA repair phenotypes, we examined cell type-specific mRNA expression and found that expression of APEX1, encoding the abasic endonuclease Ape-1, was consistently and uniquely elevated in dendritic cells Tables 1 and 2) , possibly explaining the increased processing of DNA repair intermediates on U:A, U:G, and abasic substrates in dendritic cells.
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B cells and dendritic cells also had higher levels of ribonucleotide repair activity than other cell types ( Fig. 2 and Supplementary Fig. 6 ), and the increase in ribonucleotide repair in B cells and dendritic cells was corroborated by elevated RNASEH2 expression in our (Supplementary Table 1 and 2) and previous single-cell mRNA sequencing data sets ( Supplementary Table 3 ) 4 . Increased RNASEH2 activity in B cells may aid processing of Rloops that form during class switching 16 .
Finally, we focused on cell-type-specific differences in repair of a DNA hairpin containing a synthetic abasic site. These substrates undergo two unique events in droplets: on intact substrates, reverse transcription halts at the abasic site, yielding extension products that map one base downstream of the abasic site ( Fig. 2f) . Alternatively, incision and removal of the abasic site by Pol β and Fen1 17 yields repair intermediates with 5′-ends that map further downstream of the abasic site. Differences in signals from the abasic substrate specifically in monocytes and dendritic cells again indicate that they are more proficient at processing abasic lesions, evidenced by an increase in levels of intermediates 2 nt downstream of the abasic site (position 46; Fig. 2f and Supplementary Fig. 6 ), likely due to elevated Ape-1 expression. The unique DNA repair phenotype provided some power for cell type classification ( Supplementary   Fig. 7g ). As additional activities are multiplexed with DNA repair, we expect the power of singlecell biochemical measurements for cell type classification will increase.
Our approach to measure heterogeneity of single-cell biochemical phenotypes can be expanded to measure other types of DNA repair activities (e.g., nucleotide excision repair and mismatch repair) and adapted to measure other enzyme classes using substrate-DNA conjugates 18 , enabling simultaneous measurement of many biochemical activities (e.g., kinases, phosphatases, and proteases) with gene expression at single-cell resolution.
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DATA AVAILABILITY
Sequencing data have been deposited at NCBI GEO under accession GSE130117. A full protocol is available at https://dx.doi.org/10.17504/protocols.io.uhyet7w. An analytical and reproducible pipeline is available at https://github.com/hesselberthlab/sc-haircut.
COMPETING INTERESTS
J.H. and A.R. are listed as co-inventors on a patent application related to this work (US provisional patent application US18/61627). b. Overview of single-cell Haircut. After droplet formation, cell lysis creates a ~50 pL reaction wherein enzymes contributed by the cell catalyze substrate turnover (i.e., strand incision for specific DNA repair substrates). Repair products and mRNAs are converted to cDNA with barcoded oligo-dT primers and separated by size to enable separate library preparations. The cDNA for each fraction is analyzed to identify the cell barcode and either mRNA abundance or the amount of enzymatic activity (i.e., number of strand incisions). c. Polyadenylated hairpins containing a single uracil or ribonucleotide were added to a singlecell suspension of a mixture of Hap1 cells containing null alleles of either UNG or RNASEH2C prior to capture in a 10x Genomics 3′ Gene Expression experiment. Sequences from the DNA repair fraction in (b) were grouped based on their cell barcodes, and the level of strand incision for uracil and ribonucleotide substrates was used to classify cells as either UNG KO (green) or RNASEH2C KO (blue) based on strand incision activity (UMI counts at position 44 for ribonucleotide, position 45 for uracil) greater than 5% of the maximum for all cells. Cells that fall on the x-or y-axis are single RNASEH2C KO and UNG KO cells, respectively; doublets are in yellow; and cells with low signal (<5% of the max for both activities) are in grey. divided by total counts for that cell multiplied by a scaling factor of 10 4 ; top left) and ribonucleotide repair activity (top right) were superimposed in a grey-to-red scale and delineate two major cell types in the experiment; 90% of cells in each class have a scored activity. Levels of UNG and RNASEH2C mRNA (natural logarithm of mRNA counts divided by total counts for that cell multiplied by a scaling factor of 10 4 ) are plotted on the bottom panels are not sufficient to classify cell types. Stabilization of the null-mutation-containing RNASEH2C mRNA yields uniform RNASEH2C mRNA detection across both cell types. c. Repair of a substrates containing a uracil:adenine (U:A) base-pair initiates with UNGmediated removal of the uracil nucleobase followed by processing of the abasic site by Ape-1 and Pol β (left). Cell-type-specific counts of incision and processing (mean) are plotted against the position of the hairpin and colored as in (a) (middle). Single-cell repair activities (natural logarithm of counts at the incision site (arrow) divided by total counts for that cell multiplied by a scaling factor of 10 4 ) are plotted for each cell from each cell type (right). Monocytes and dendritic cells have reduced uracil incision relative to other cell types (P < 10 -140 monocytes to T cells, and P < 10 -8 dendritic cells to T cells; Wilcoxon signed-rank test; differences significant across 3 replicates, Supplementary Table 4 ). were filtered through a 30 µm strainer and mixed in the same tube. Cells were washed twice with cold PBS containing 0.04% BSA. Cells were resuspended in 500 µl PBS with 0.04% BSA and filtered through a Flowmi™ Tip Strainer. Cells were stained with trypan blue and counted on a hemocytometer. Cell concentration ranged from 400 -1000 cells per µl and viability was between 80-95%.
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Fresh peripheral blood mononuclear cells (PBMC) were isolated from whole blood donated by healthy human donors according to University of Colorado IRB guidelines in sodium heparin tubes. Approximately 5-10 ml of whole blood was diluted with PBS to a total volume of 35 ml. Diluted whole blood was layered over 10 ml Ficoll-Paque PLUS (GE) and centrifuged at 740 xG for 20 minutes with no deceleration. Cells located above the Ficoll layer were removed and washed twice with PBS. Cells were counted and approximately 2 million cells were washed an additional two times with PBS plus 0.04% BSA. Cells were resuspended in 500 µl PBS plus 0.04% BSA and run through a Flowmi™ Tip Strainer. Cells were counted on a hemocytometer: cell concentration ranged from 400-1000 cells per µl and viability was between 80-95%.
Single cell repair measurements using the 10x Genomics platform. The most current version of this protocol is available at: https://dx.doi.org/10.17504/protocols.io.uhyet7w.
Cells were loaded onto the 10x Genomics single cell 3′ expression kit V2 according to the manufacturer's instructions (CG 000075 Rev C) with the following exceptions:
1.
When preparing the single cell master mix, 5 µl was subtracted from the appropriate volume of nuclease-free water. After the nuclease-free water was added to the master mix and prior to the addition of the single cell suspension, 5 µl of DNA repair substrates were added (see Supplementary Table 6 for substrate concentrations for each experiment).
2.
The GEM-RT incubation was changed to the following: minutes at room temperature. The sample was placed on a magnetic strip until the liquid was clear. The supernatant was discarded and the beads were washed twice with 150 µl 80% ethanol. The beads were dried at room temperature for 2 minutes, then eluted in 20 µl water. This fraction was used to prepare the DNA repair libraries.
Preparation of DNA repair libraries from single cells. The DNA repair libraries were
prepared with the following steps:
1. End repair: 20 µl of the purified DNA repair libraries were added to an end repair reaction with a total volume of 30 µl (NEBNext End repair Module E6050) and incubated for 30 minutes at 20° C.
2. Clean up by precipitation: 120 µl of 0.3 M sodium acetate and 400 µl 100% ethanol were added to the end repair reaction (step 1). The reaction was allowed to precipitate at -20 °C for at least 30 minutes. Samples were centrifuged at >10000 XG for 10 minutes and the supernatant was removed and the pellet was washed with 500 µl of 70% ethanol and centrifuged at >10000 xG for 10 minutes. The supernatant was removed and the pellet was dried for 2 minutes at room temperature. The pellet was resuspended in 20 µl nuclease-free water. DNA Ligase (Enzymatics)) and incubated at 25 °C for 30 minutes. The ligation reaction was purified using 1.8 x volume of Agencourt AMPure XP (Beckman Coulter) beads as described by the manufacturer. The reaction was eluted in 20 µl nuclease-free water. Fig. 7 ). Significant differences and fold changes in repair activities and gene expression between cell types were calculated using Wilcoxon Rank Sum test (FindMarkers, FindAllMarkers) for all pairwise combinations ( Supplementary Table 1 , 2, and 4). In the cell mixing experiment (Fig. 1) , cell types were determined by repair activities.
A-tailing
Illumina TruSeq
Knockout cells were identified if counts at the repair site (position 44 for ribonucleotide and position 45 for uracil) for one repair activity was > 5% of the maximum for the repair activity and the other was < 5% of the maximum. If both repair activity counts were >5% of the maximum, that cell was considered a doublet and if both repair activity counts were <5% of the maximum that cell was not classified. Filtered single cell gene expression matrices from previously published data 4 for Supplementary Table 3 were downloaded from 10x Genomics Fig. 3 ), BAM files produced by cellranger were split into cell type (as assigned above and in Fig.   1 ) specific BAM files by cell barcodes using samtools view (v1.9) 22 . Bulk genome coverage was calculated for UNG KO FASTQ files downloaded from 10x data were subsampled to the same read depth as our samples then analyzed using cellranger.
Cell type classification with repair data: To determine whether DNA repair activities are useful in classifying PBMC cell types, we used the PBMC replicates 1 and 2 ( Fig. 2 and Supplementary   Fig. 6 , left). True cell types were determined using reference PBMC data from 10x Genomics as Richer et al.
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described in Seurat analysis section above. All other cell type classifications were compared to these reference cell types. Next, cell types were determined by renaming the defined Seurat clusters as the majority cell type present within each cluster (Supplementary Fig. 7b ).
Additionally, mRNA (Supplementary Fig. 7c ) and/or repair data ( Supplementary Fig. 7d,e) from PBMC replicate 1 was used as the reference input for assigning cell types to PBMC replicate 2 using Seurat's FindTransferAnchors and TransferData functions. Cell types were randomly reassigned using R (sample) (Supplementary Fig. 7f ). True positive, true negative, false positive, and false negative numbers were calculated for each cell type for each classification method. These numbers were then used to calculate true positive rate and false positive rate for each cell type for each classification method (Supplementary Fig. 7g ).
Empty drops vs cells analysis:
To determine biological vs background activity in single cells, we calculated hairpin coverage in empty drops (Supplementary Fig. 8 ). Empty drops were determined by filtering out cell-associated barcodes from the repair matrix. The resulting repair matrix contains many barcodes that are associated with only a single UMI, so the matrix was filtered by descending UMI counts to the same number as cell-associated barcodes. This repair matrix from empty drops was used as the input to calculate empty drop signal across the hairpin by calculating the mean count across all drops at each hairpin position.
Haircut signal detection sensitivity: To determine the lower limit of haircut signal detection suitable for classifying cells as either UNG KO or RNASEH2C KO read alignments were randomly downsampled using samtools view (v1.9) 22 . The downsampled BAM files were then processed using the haircut single cell processing pipeline to produce haircut signal matrices. Cells were classified as either UNG KO , RNASEH2C KO , doublets, or low signal using the same cutoffs described in the Seurat analysis methods. Fig. 6 and 8) . Prior to end repair, the repair fraction was digested with PstI (NEB, 20 U in 1x Cutsmart buffer) at 37
°C for 60 minutes. The reaction was cleaned up by precipitation, followed by the above steps starting at end repair. To remove background signal on the 5 ́ end of the substrates, we included a uracil substrate with a 5 ́ biotin in PBMC experiments ( Supplementary Fig. 6 and 8) . To remove uncleaved substrate, prior to end repair, the repair fraction was incubated with Dynabeads™ M-270 Streptavidin (5 μg, Thermo) for 5 minutes at room temperature. Following incubation, the beads were discarded and the supernatant was cleaned with precipitation. The remainder of the protocol proceeded starting from end repair.
Oligonucleotides for repair libraries. Other oligonucleotides used in the library preparation can be found in Supplementary Table 5 . Results were filtered for adjusted P < 0.05 and genes within the KEGG base excision repair pathway (hsa03410). Columns are the same as Table 1 with the addition of celltype1 and celltype2 indicating the pairwise comparisons. The result was filtered for adjusted P < 0.05 and repair positions (Fig. 2) . Column information is the same as Supplementary Table 1 . With the exception of the repair column which is a concatenation of repair substrate and position and the addition of celltype1 and celltype2 to indicate the pairwise comparisons.
TABLE 5. Oligonucleotides for single cell DNA repair measurements
Substrates and other oligonucleotides used in single-cell Haircut experiments. We did not measure biological activity from the following substrates in single cells: C:I, T:I, T:ethenoA, C:O6mG, A:hmU (Supplementary Fig. 8) . These substrates were included in single-cell Haircut experiments with human PBMCs ( Supplementary Table 6 ). Richer et al. a. UMAP plot of cell mixing experiment (Fig. 1) d. Counts at ribonucleotide repair site and uracil repair site were plotted and colored by cluster (left), cell type as determined above (c) (middle), and cell types as determined in Fig. 1 (right) .
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SUPPLEMENTARY FIGURE LEGENDS
Cell types as determined in Fig. 1 show the greatest segregation in these plots.
e. BAM files from the cell mixing experiment in Fig. 1 were down sampled to different sequencing depths to determine how many reads per cell are required for cell type classification. At each threshold, cell types were classified as in Fig. 1 and the b. mRNA coverage of RNASEH2C from single-cell RNA sequencing data (Fig. 1) . Coverage from all cells from negative strand is in orange. Cell types were identified by repair of uracilcontaining or ribonucleotide-containing substrates (Fig. 1) a. Quality control metrics from 10x cellranger pipeline for PBMC cells with and without the addition of 70 nM DNA repair substrates (Fig 2) . PBMC data without the addition of repair substrates was downloaded from 10x Genomics v2. Fig 6 and 7) . PBMC data without the addition of repair substrates was downloaded from 10x Genomics v2. Fig 4) . Samples containing DNA repair substrates were incubated at 37 °C for 15, 30, or 60 minutes prior to incubation at 53 °C Trends for single cell repair of U:A, U:G, riboG:C, and abasic:G substrates were similar across all three replicates ( Fig. 2 and a-b) . Supplementary Figure 7 . Cell-type classification using DNA repair measurements. a. PBMC UMAP and cell classifications for PBMC2 replicate (Supplementary Fig. 6 ). Cells were classified using reference data from 10x Genomics and Seurat v3.0.0
FindTransferAnchors and TransferData functions. These cell classifications are used as the true cell type for other classification methods, however, these classifications may not be 100%
accurate. The percentage of each cell type that is classified the same as this reference data (bottom) is 100% since it is compared to itself.
b. Seurat clusters (0-10) were renamed for the majority cell type marker from a in each cluster.
UMAP plot of renamed cells (top). Using this classification method 93% of cells are classified the same as a. > 89% of each cell type were classified the same (bottom).
c. mRNA data in Fig. 2 was used as the reference for classifying cell types in PBMC2 replicate ( Supplementary Fig. 6 ) using Seurat as before (a). Using this reference, 93% of the cells were classified the same. > 87% of each cell type were classified the same (bottom).
d. DNA repair measurements alone from PBMCs (Fig. 2) was used as the reference for classifying cell types PBMC2 replicate. Using only DNA repair for reference data, only 43% of cells were classified the same as a. Platelets lack DNA repair activities in Haircurt (data not shown) which could contribute to their identification using DNA repair measurements alone as they are distinctly different from all other cells. > 90% of T cells were also identified using repair alone, however, T cells make up ~40% of all cells in the data and when classified using repair data alone, ~80% of all cells are classified as T cells, so by chance alone,T cells are more likely to be classified correctly. Dendritic cells make up only 2.6% of all cells in the data, however, 33% of them are classified correctly using repair activity data alone. DC have several unique repair signatures ( Fig. 2 and Supplementary Fig. 6 ) which are likely to contribute to their classification using DNA repair activities alone.
e. Count matrices for mRNA expression and DNA repair were combined and used as a reference (from Fig. 2 data) to classify PBMC2 replicate cells. Using this reference, 93% of the cells were classified the same as in a. > 86% of each cell type were classified the same (bottom).
f. Cell type labels from PBMC2 as defined in Supplementary Fig. 6 were randomly reassigned to cell ids. Only 31% of cells were classified the same. More abundant cell types were more likely to be correctly classified by chance (bottom). Error bars represent the 95% confidence interval for 1000 independent samplings. b. Coverage across all cells (orange) and empty drops (grey) for PBMC experiment (Fig. 2) . C:I and T:I substrates did not show biological activity above background.
c. Coverage across all cells (orange) and empty drops (grey) for PBMC experiments (Supplementary Fig. 6a) however, we measured digestion in empty drops as well as drops with cells indicating the method was not specific for droplets containing cells. 
